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Abstract
We make use of the phase space density approach to discuss gravitino as a warm
dark matter candidate. Barring fine tuning between the reheat temperature in the
Universe and superparticle masses, we find that warm gravitinos have both appropriate
total mass density, ΩG˜ = ΩDM ≃ 0.2, and suitable primordial phase space density at
low momenta provided that their mass is in the range 1 keV . mG˜ . 15 keV, the
reheat temperature in the Universe is low, TR . 10 TeV, and masses of some of the
superparticles are sufficiently small, M . 350 GeV. The latter property implies that
the gravitino warm dark matter scenario will be either ruled out or supported by the
LHC experiments.
1 Introduction and summary
The predictions of the ΛCDM model are in outstanding consistency with the bulk of cos-
mological observations [1] (see also Ref. [2] and references therein). Yet there are clouds
above the collisionless cold dark matter scenario, which have to do with cosmic structure
at subgalactic scales. Three most notable of them are missing satellites [3], cuspy galactic
density profiles [4] and too low angular momenta of spiral galaxies [5]. All these suggest that
CDM may be too cold, i.e. that the vanishing primordial velocity dispersion of dark matter
particles may be problematic. Hence, one is naturally lead to consider warm dark matter
(WDM) scenarios [6, 7, 8, 9].
There are several ways to describe the difference between WDM and CDM scenarios. The
most prominent one is that warm particles filter primordial power spectrum on small scales,
and thus the formation of small halos is suppressed. The filtering scale must be small enough,
since the power spectrum shows no significant deviations from the CDM prediction on scales
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Figure 1: Linear matter power spectrum for standard ΛCDM cosmology (dashed line) and
ΛWDM (solid lines) assuming the distribution of WDM particles as given by (1) with masses
m = 1, 5, 10, 15, 20 and 30 keV and g∗ = gMSSM.
within reach of current observations. This leads to constraints on the primordial velocity
dispersion of WDM particles [10]. On the other hand, in order to improve on structure
formation, the filtering scale must be of the order of the scale of missing satellites, which is
believed to be of order 107 − 108M⊙ [11].
We have calculated linear matter power spectrum in ΛWDM cosmology assuming that
dark matter particles have the Fermi–Dirac primordial distribution function, normalized to
correct present total density:
f(p) =
ρDM
6pi ζ(3)mT 30,eff
1
ep/T0,eff + 1
, (1)
where m is the WDM particle mass, T0,eff ≡ T0
(
g∗0
g∗
)1/3
; g∗ and g∗0 ≡ 4311 are the effective
number of relativistic degrees of freedom at the epoch of dark matter particle production and
at present epoch, respectively. To this end we have modified the Boltzmann evolution equa-
tions implemented in the Code for Anisotropies in the Microwave Background (camb) [12].
Figure 1 presents the resulting ΛWDM power spectrum for m = 1, 5, 10, 15, 20 and 30 keV
(solid) in comparison with ΛCDM (dashed). In the WDM case, g∗ is chosen to be equal
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to gMSSM = 228.75, the maximum number of relativistic degrees of freedom equilibrated in
plasma in the framework of MSSM. One concludes that the power spectrum is suppressed by
about an order of magnitude on the scales corresponding to 108M⊙ and smaller provided the
WDM particle mass is smaller than about 15 keV. Thus we consider a particle as a WDM
candidate if its mass obeys
m . 15 keV . (2)
Of course, this is an indicative figure, not a strict upper limit.
Another way to quantify the notion of warm dark matter is to make use of the phase
space density approach [13, 14, 15]. Its key ingredient is the ratio between the mass density
and the cube of the one-dimensional velocity dispersion in a given volume, Q ≡ ρ/σ3. On
the one hand, this quantity is measurable in galactic halos; on the other hand, it can be
used as an estimator for coarse-grained distribution function of halo particles. Namely, for
non-relativistic dark matter particles
Q ≃ m4 · n〈1
3
p2〉3/2 ,
where m is the mass of these particles and n is their average number density in a halo.
Assuming that the coarse-grained distribution of halo particles is isotropic, fhalo(p, r) =
fhalo(p, r), one estimates
n
〈p2〉3/2 =
[∫
fhalo(p, r)d
3p
]5/2[∫
fhalo(p, r)p2d3p
]3/2 ∼ fhalo(p∗, r) ,
where p∗ is a typical momentum of the dark matter particles. In this way the magnitude of
the coarse-grained distribution function in galactic halos is estimated as
fhalo ≃ Q
33/2m4
. (3)
Coarse-grained distribution function is known to decrease during violent relaxation in
collisionless systems [16]. Hence, the primordial phase space density of dark matter particles
cannot be lower than that observed in dark halos. This leads to the Tremaine–Gunn-like con-
straints on dark matter models [13, 15]. The strongest among these constraints are obtained
by making use of the highest phase space densities observed in dark halos, namely those
of dwarf spheroidal galaxies (dSph) [11, 14]. dSph’s are the most dark matter dominated
compact objects, and seem to be hosted by the smallest halos containing dark matter [11].
In recently discovered objects Coma Berenices, Leo IV and Canes Venaciti II, the value of
Q ranges from 5 · 10−3 M⊙/pc3
(km/s)3
to 2 · 10−2 M⊙/pc3
(km/s)3
[17]. In what follows we use the first, more
conservative value,
Q = 5 · 10−3 M⊙/pc
3
(km/s)3
. (4)
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By requiring that the primordial distribution function exceeds the coarse-grained one, f >
fhalo, one arrives at the constraint
33/2m4f > Q . (5)
This constraint gives rise to a reasonably well defined lower bound on m in a given model.
If the primordial distribution is such that (5) is barely satisfied, the formation of high-Q
objects like dSph’s is suppressed. In fact, it may be suppressed even for larger f , since the
coarse-grained distribution function may decrease considerably during the evolution. The
parameter
∆ ≡ 3
3/2m4f
Q
shows how strongly the coarse-grained distribution function f must be diluted due to relax-
ation processes in order that the formation of dense compact dark matter halos be suppressed.
It is known from simulations that the phase space density decreases during the structure for-
mation. In particular, during the nonlinear stage it decreases by a factor of 102 to 103 [18],
or possibly higher. Hence, the primordial distribution function of WDM particles should be
such that ∆ & 102 − 103. At least naively, obtaining the dilution factor in a given model
in the ballpark ∆ = 1 − 103 would indicate that the primordial phase space density is just
right to make dwarf galaxies but not even more compact objects. Interestingly, we will find
that ∆ is indeed in this ballpark for WDM gravitinos obeying (2).
As discussed in Ref. [19], only a fraction of dark matter particles should definitely have
high phase space density obeying (5). This fraction ν is estimated as the relative contribution
of dSph’s into the total mass density of dark matter. Using the dwarf number density
ndwarf ≃ 7 · 10−2 Mpc−3 from Ref. [20] and assuming the average dSph mass of order
107M⊙ [11], one estimates
ν ≃ ΩdSph
ΩDM
≃ 10−5 . (6)
To be on conservative side, we impose the constraint (5) on this fraction of WDM particles
only. Also, we calculate the value of ∆ for this fraction. One expects that once the right
fraction of the dark matter particles has the high phase space density, the most compact
objects are produced in right numbers (and not overproduced). We have checked that our
results would change very little if we used an estimate for ν differing from (6) even by an
order of magnitude, i.e. ν = 10−6 − 10−4.
To summarize, we consider a dark matter model viable if a fraction (6) of its particles
has primordial phase space density obeying (5) with Q given by Eq. (4).
In this paper we make use of this phase space density criterion together with the bound
(2) to examine light gravitino as a warm dark matter candidate, assuming that R-parity is
conserved and hence gravitino is stable. We find that gravitino mass should be in the range
1 keV . mG˜ . 15 keV ,
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cf. [9].
In the early Universe, light gravitinos are produced in decays of superparticles and in
scattering processes [21, 22, 23, 24]. For so light gravitinos, their production in decays of
superparticles plays an important role [25]. We consider this mechanism in Sec. 2.1, where
we also evaluate the spectrum of produced gravitinos. In Sec. 2.2 we discuss gravitino
production in scattering processes. The latter mechanism operates most efficiently at the
highest possible temperatures in the early Universe, so the requirement that gravitinos are
not overproduced restricts severely the reheat temperature TR, cf. [25, 26]; we find that TR
must be at most in the TeV range.
Most notably, gravitinos serve as warm dark matter candidates only if other superparticles
are rather light. We find that superparticles whose mass M is below the reheat temperature
should obey
M . 350 GeV , (7)
otherwise gravitinos are overproduced in their decays and in scattering and/or relic gravitinos
are too cold. Barring fine tuning between the reheat temperature in the Universe and
superparticle masses, this means that gravitino as warm dark matter candidate will soon be
either ruled out or supported by the LHC experiments.
The bound (7) is to be compared to the experimental bounds on masses of gluino and
quarks of the 1st and 2nd generations, Mq˜,g˜ ≥ 250− 325 GeV [2]. Given the narrow interval
between these bounds, we find it disfavored that squarks and gluinos participate in gravitino
production processes. Hence, we elaborate also on a scenario with relatively light colorless
superparticles whose masses M obey (7), heavy squarks and gluinos, and reheat temperature
in between,
M . TR ≪Mq˜,g˜ . (8)
In this scenario, squarks and gluinos do not play any role in gravitino production, while
the important production processes are decays and collisions of sleptons, charginos and
neutralinos. We find that in this case, the overall picture is consistent in rather wide range
of parameters, with the reheat temperature extending up to 10 TeV.
It is worth noting that for light gravitino we consider in this paper, the lifetime of next-
to-lightest superparticles (NLSP) is short, τNLSP . 2 · 10−5 s. Thus, their decays after
decoupling are not hazardous for BBN. On the other hand, in the mass range of gravitino
and superpartners we have found favored, one has τNLSP & 5 · 10−7 s and thus the NLSP
decay length (neglecting γ-factor) is in the range
160m . cτ . 7 km .
So, with gravitino WDM, it is likely that NLSP (if chargeless and colorless) will freely travel
through the LHC detectors.
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2 Gravitino production mechanisms
2.1 Production in decays
We begin with the study of the light gravitino production in two-body decays of thermalized
superparticles, assuming that the reheat temperature in the Universe exceeds considerably
the masses of these superparticles. Let us first find the distribution function of gravitinos
produced in decays of one kind of superparticles with massM . At time t, these superparticles
have thermal distribution function fth(p, t).
The Boltzmann equation for the gravitino distribution function f(p, t) is
∂f(p, t)
∂t
−H(t)p∂f(p, t)
∂p
= I,
where H(t) is the Hubble parameter. In this section we consider the contribution into the
collision term I that comes from two-body decays and is given by
I =
1
2|p|
∫
d3P
2E(2pi)3
d3p′
2|p′|(2pi)3 (2pi)
4δ(4)(P − p− p′)fth(P, t)|M|2.
Here P, p, p′ are the 3-momenta of the decaying superparticle, gravitino and another decay
product (SM particle), respectively; E =
√
M2 +P2 is the energy of the decaying particle.
The amplitude M is related to the decay rate in the rest frame of the decaying particle as
|M|2 = 16piMΓ. Neglecting the masses of particles in the final state, one has1 [27]
Γ =
M5
6m2
G˜
M2Pl
.
We note that both decays and scattering processes produce longitudinal gravitino (gold-
stino), so the number of gravitino helicity states effectively equals two. We also note that
in the parameter range of interest, the inverse 2→ 1 processes, leading to disappearance of
gravitino, have negligible rates.
Upon integrating over the momentum of the SM particle and over the direction of P, the
collision term takes the following form,
I =
MΓ
p2
∞∫
Emin
fth(P, t) dE ,
1This formula, generally speaking, does not work in the Higgs–higgsino sector, and in some region of
the parameter space the corresponding decays are suppressed. We treat higgsinos on equal footing with
other charginos and neutralinos in what follows. Refining this approximation would not change our results
considerably.
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where
Emin = p+
M2
4p
is the minimum energy of the decaying particle capable of producing gravitino of momentum
p. Of particular interest for what follows is the low momentum region, p ≪ M, T . In that
case Emin ≫M , i.e., slow gravitinos are born in peculiar decays of fast moving superparticles,
which produce gravitinos in a narrow backward cone. For this reason, the efficient production
of slow gravitinos occurs at temperatures T & M2/p ≫ M . As we will see shortly, for
relatively low reheat temperatures TR this results in a non-trivial shape of the gravitino
spectrum at low momenta, with a cutoff at p/T ∼ M2/T 2R.
It is convenient to take comoving momentum q = a(t) p as the argument of the gravitino
distribution function. Here a(t) is the scale factor, whose present value is normalized to
unity, a(t0) = 1. The Boltzmann equation takes the form
df(q, t)
dt
=
MΓ
q2
a2(t)
∞∫
Emin
fth(P, t) dE .
It can be easily integrated, giving
f(q, t) =
t∫
tR
dt′
MΓ
q2
a2(t′)
∞∫
Emin
fth(P, t
′) dE ,
where tR refers to the beginning of the thermal phase of the cosmological evolution after
reheating. Hereafter we assume that the production of gravitinos is negligible at the reheating
epoch. This is of course an arbitrary assumption reflecting our ignorance of the reheating
mechanism; we expect that the gravitino production at reheating, if any, would make the
regions of favored gravitino and superparticle masses even narrower as compared to the
regions presented below.
Since the thermal distribution function fth(P, t) of the decaying particles depends on the
ratio E/T (t) only, it is convenient to trade the integration over production time for the
integration over temperature. To this end we use the entropy conservation and the relation
T =
√
M∗
Pl
2t
with M∗Pl ≡ MPl
√
90
8pi3g∗
, valid at the radiation domination epoch. Thus, if the
gravitino distribution function had not been distorted by structure formation, at the present
epoch it would have been given by
f(q, t0) =
TR∫
0
dT
MΓM∗PlT
2
0,eff
q2T 5
∞∫
Emin
fth
(
E
T
)
dE .
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Here T0,eff ≡ T0
(
g∗0
g∗
)1/3
; g∗ and g∗0 ≡ 4311 are the effective number of relativistic degrees
of freedom at gravitino production and at present epoch, respectively; in the framework of
MSSM with all superparticles relativistic in the plasma g∗ = gMSSM = 228.75 and T0,eff ≈
0.7 K.
Changing the variables (T,E)→ (z = E
T
, x = M
T
)
and performing the integration over x
we obtain finally the following result for the primordial distribution function expressed in
terms of the momenta redshifted to the present epoch,
f(p) ≡ f(q, t0) = 8
3
M∗PlΓ
M2
(
T0,eff
p
)2
· I
(
p
T0,eff
,
M
TR
)
=
2
√
5
3pi3/2
√
g∗
M3
m2
G˜
MPl
(
T0,eff
p
)2
· I
(
p
T0,eff
,
M
TR
)
, (9)
where
I
(
p
T0,eff
,
M
TR
)
≡
∞∫
zmin
[(
p
T0,eff
)3/2(
z − p
T0,eff
)3/2
−
(
M
2TR
)3]
fth(z) dz (10)
with
zmin =
p
T0 eff
+
M2
4 T 2R
T0 eff
p
.
The corresponding spectrum dn
dp
= 4pip2f(p) for TR ≫M is shown in the left panel of Fig. 2
in comparison with the thermal spectrum at temperature T0,eff and the same total number
of particles. It is seen that gravitinos produced in decays have lower average momentum
and in this sense are cooler than thermal ones. The overall shape of the spectrum is not of
particular interest for our purposes, however: the formation of compact objects like dSph’s
depends on the low-momentum part of the spectrum, where the phase space density f(p) is
high.
As we alluded to above, the low-momentum part of the spectrum depends in a peculiar
way on the ratio of the mass of the decaying particle M to the reheat temperature TR. This
comes out from Eq. (10), in particular, through the lower limit of integration zmin. For
TR →∞, the distribution function at low momenta, p≪ T0,eff , is given by
f(p) =
2
√
5
3pi3/2
√
g∗
M3
m2
G˜
MPl
(
T0,eff
p
)1/2 ∞∫
0
z3/2fth(z) dz
=
√
5ζ(5/2)
16pi4
√
g∗
M3
m2
G˜
MPl
gcdec
(
T0,eff
p
)1/2
.
where g is the number of helicity states of the decaying particle, and cdec = 1 for bosons and
cdec =
(
1− 1
2
√
2
)
for fermions. As expected, the combination m4
G˜
f entering (5) increases
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Figure 2: Left: Spectra of gravitinos produced in decays of thermalized fermions (solid) and
bosons (dashed) in comparison with the Fermi-Dirac (dash-dotted) spectrum at temperature T0, eff ,
normalized to the same total number of particles. Right: Low momentum part of the distribution
functions of gravitinos with mG˜ = 10 keV produced in the decays of bosons with M = 200 GeV
for TR → ∞ (solid line) and TR = 4M (dashed line). Dash-dotted line: Fermi-Dirac distribution
at temperature T0, eff , normalized to the same total number of particles.
with the gravitino mass, m4
G˜
f ∝ m2
G˜
, so that only light gravitinos are warm. We note in
passing that the distribution function derived in this way is unbounded as p→ 0. However,
the correct distribution function of gravitinos — fermions with effectively two helicity states
— cannot exceed the value 2/(2pi)3 because of Pauli-blocking. To take this into account we
simply cut the distribution function at 2/(2pi)3 wherever the calculated distribution function
exceeds this value. In fact, this procedure is used almost nowhere in the parameter space we
consider in this paper, as the calculated distribution function almost never exceeds 2/(2pi)3.
For finite TR, but still TR & M , the distribution function (9) no longer peaks at p → 0.
Instead, it has a rather broad peak at p/T ∼M2/T 2R and exponentially decays towards p→ 0.
This is shown in the right panel of Fig. 2, where we also compare the distribution function of
gravitinos produced in decays with the thermal distribution function at temperature T0, eff
normalized to the same total number of produced particles. We again see that the gravitinos
produced in decays are substantially cooler than fermions with thermal distribution, as the
maximum phase space density is substantially higher in the former case.
It is clear from (9) that the largest contribution into the gravitino production comes from
the heaviest superparticles that have ever been relativistic in cosmic plasma. To get an idea of
numerics, let us consider the case in which gb bosonic and gf fermionic superparticle degrees
of freedom have one and the same mass M , and the reheat temperature is substantially
higher than M . Then the present number density of gravitinos produced in decays of these
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superparticles is
ndec0 =
∫
f(p) d3p =
3
√
5ζ(5)
16pi5/2
√
g∗
T 30,eff
M3
m2
G˜
MPl
(
gb +
15
16
gf
)
,
and the present mass density of these gravitinos is given by
Ωdec
G˜
=
mG˜ n
dec
0
ρc
≈ 8 · 10−4
(
gb +
15
16
gf
)(
gMSSM
g∗
)3/2(
1 keV
mG˜
)(
M
100GeV
)3
. (11)
A crude estimate for the gravitino mass is obtained by assuming that the distribution function
of ν = 10−5 of gravitinos is roughly comparable to the Pauli-blocking value, f = 2/(2pi)3.
Then the condition (5) corresponds to
mG˜ > 1 keV . (12)
As an example, if the heaviest superparticles are squarks of the 1st and 2nd generations and
gluinos, as motivated by mSUGRA, if they have the same mass and the reheat temperature
is high enough so that these particles were relativistic in the cosmic plasma, then gb = gq˜ =
4 · 3 · 4 = 48, gf = gg˜ = 2 · 8 = 16 and g∗ = gMSSM. Making use of the estimate (11)
and the upper limit on warm gravitino mass (2), we find in this example that the common
mass of squarks and gluinos must be rather small, Mq˜,g˜ . 350 GeV, otherwise gravitinos are
overproduced. We will refine these estimates in Sec. 3.
2.2 Gravitino production in scattering
Gravitino production in scattering processes has been worked out in Refs. [22, 23] using the
Braaten-Yuan prescription and hard loop resummation. It has been reconsidered recently in
Ref. [24] with the results substantially different from those of Refs. [22, 23] in some regions of
parameter space. We will use the approach of Refs. [22, 23] with understanding that there is
considerable uncertainty both in gravitino production rate and in their spectrum, especially
at relatively low temperatures, T ∼ M . We will further comment on this uncertainty in
Section 3.
The contribution of scattering into the gravitino production is dominated by the processes
involving the heaviest superparticles which have ever been relativistic in the cosmic plasma.
Furthermore, this contribution strongly depends on whether or not these superparticles are
colored. In what follows we consider two scenarios which we think are representative for
realistic supersymmetric extensions of the Standard Model. Our analysis below is straight-
forwardly redone for the general case, but given the unknown superparticle spectrum and
the uncertainty in (5), considering these simple scenarios will be sufficient for our purposes.
The first scenario has been described in the end of Sec. 2.1: in this scenario the heaviest are
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squarks of the 1st and 2nd generations and gluinos, and we assume that they all have the
same mass M and that the reheat temperature exceeds M . Given the experimental bounds,
M ≥ 250−325 GeV, it is clear already from the preliminary discussion in the end of Sec. 2.1
that this scenario may be consistent only in a rather narrow range of the parameter space.
Hence, we discuss also the second scenario, which is defined by the relation (8) where M is
the common mass of sleptons, charginos and neutralinos. In the second scenario, squarks
and gluinos play no role in the gravitino production in the early Universe. Given the strong
dependence on the mass M , varying the rest of SUSY parameters in either scenario does not
lead to significant changes of our results.
For the first, squark-gluino scenario, the results of Ref. [23] apply directly, so the mass
density of gravitinos produced in scattering is given by
Ωsc
G˜
≈ ωsgs2 ln
(
ks
gs
)(
M
100GeV
)2(
1 keV
mG˜
)(
TR
1TeV
)
, (13)
where gs is the strong coupling constant at the energy scale TR, and ωs = 0.732, ks = 1.271.
For the second, color-singlet scenario, the results of Ref. [23] have to be modified. To this
end, we consider electroweak scattering processes only and omit the contributions of reactions
with external squarks. Also, we omit the squark contributions into the thermal masses of
the gauge bosons. The overall gravitino production cross section depends on thermal masses
mth as ln (T/mth) and thus grows as the thermal mass decreases. As a result, the gravitino
production cross section in our scenario is nearly 80% of the electroweak part obtained in
Ref. [23], although 1/3 of all processes are omitted. Using the modified cross sections and
g∗ = 142.75, we find for the present mass density of gravitinos produced in 2→ 2 processes
in primordial plasma:
Ωsc
G˜
≈
2∑
α=1
ωαgα
2 ln
(
kα
gα
)(
M
100GeV
)2(
1 keV
mG˜
)(
TR
1TeV
)
, (14)
with modified constant factors ωα ≈ (0.152, 0.372) and scales in logarithms kα ≈ (1.52, 1.52).
Here α = 1 and α = 2 refer to the gauge groups U(1)Y and SU(2)L, respectively, with the
gauge couplings gα = (g
′, g).
The estimates (13) and (14) have considerable uncertainties related to infrared problems
existing in field theory at finite temperature. These will translate into uncertainties in our
estimates presented in Section 3.
3 Results
There are three criteria the WDM model with light gravitino should satisfy. First, as dis-
cussed in Introduction, gravitino would serve as warm dark matter provided its mass satisfies
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the upper bound (2), mG˜ . 15 keV. Another criterion is that the present gravitino mass
density should be equal to the observed dark matter density. In both scenarios of Sec. 2.2,
the total gravitino mass density is the sum of contributions due to the decay and scattering
processes, so that one requires Ωdec
G˜
+Ωsc
G˜
= ΩDM ≈ 0.2. This requirement gives one relation
between the three parameters, the masses mG˜, M and reheat temperature TR in each sce-
nario. For the first, squark-gluino scenario we make use of (13) as well as (11) with gb = 48,
gf = 16 and g∗ = gMSSM. For the second, color-singlet scenario the appropriate expressions
are (14) and (11) with gb = gl˜ = 3 · (4+2) = 18, gf = gχ˜ = 4 · 2+2 · 4 = 16 and g∗ = 142.75.
In either case, scanning the reheat temperature from TR ∼ M upwards, we observe from
Eqs. (11), (13) and (14) that this criterion gives a lower bound on the gravitino mass for
given M .
The third criterion is discussed in Sec. 1: about 10−5 of gravitinos should have the
primordial phase space density obeying (5) with m ≡ mG˜. This criterion gives a lower
bound on the gravitino mass for given M and TR. This bound has to do with the magnitude
of the gravitino distribution function at low momenta where this function is large. Instead
of calculating the low momentum part of the distribution function of gravitinos produced in
the scattering processes, we first use the lower bound on the overall distribution function,
which is obtained by neglecting altogether the contribution of the scattering processes into
the distribution function in the low momentum region. The lower bounds on mG˜ obtained
within this decay dominance approximation are overestimated in comparison with those one
would obtain by the complete treatment. To get an idea of the uncertainty introduced by
approximating the low momentum part of the distribution function by the contribution of the
decay processes only, we then add the contribution from scattering assuming that gravitinos
produced in the latter way have thermal-shaped distribution (1), but normalized to the total
mass density, Eqs. (13) and (14) in the first and second scenario, respectively,
f sc(p) =
ρcΩ
sc
G˜
6piζ(3)mG˜ T
3
0,eff
1
ep/T0,eff + 1
. (15)
Within either approximation, for each set of parameters we find the value f of the phase
space density, such that 10−5 of gravitinos have the distribution function exceeding f , and
require that f obeys (5) at an allowed point in the parameter space.
The resulting bounds in (M,mG˜) plane are shown in Fig. 3 and in Fig. 4 for the first and
second scenario, respectively. Contours of equal TR/M are plotted with dashed-dotted lines.
At the same time, these contours correspond to constant fractions of gravitinos produced in
scattering and decay channels, providing together the correct present mass density of dark
matter, ΩG˜ = ΩDM . The labels show the fraction of gravitino produced in decays. The
shaded regions are allowed by both (2) and (5). We also show the lines of equal dilution
factor ∆; the dashed lines correspond to the decay dominance approximation, while the
12
Figure 3: Allowed region of masses (shaded) in a scenario with heavy gluinos and quarks of the 1st
and 2nd generations, Mq˜ = Mg˜ = M , and TR & M . Contours of equal dilution factor ∆ are also
shown (solid and dashed lines). The dashed lines correspond to the decay dominance approximation,
while the solid lines are obtained under the assumption that the scattering contribution to the
low momentum part of the distribution function has the form (15). Contours of equal TR/M
are shown with dash-dotted lines, on which the fraction of gravitinos produced in decays is also
indicated. Conservative experimental lower bound on masses of gluinos and squarks of the 1st and
2nd generations is indicated by solid vertical line.
solid lines are obtained under the assumption that the scattering contribution to the low
momentum part of the distribution function has the form (15).
In view of substantial uncertainty in the production of gravitinos in scattering, the esti-
mates for the reheat temperature should be considered as indicative only. This is particularly
relevant for the upper left parts of Figs. 3 and 4, where production in scattering dominates
over production in decays. Also, the estimates for the dilution factor ∆ are uncertain in
these parts of the parameter space, due to the large uncertainty in the low momentum part
of the spectrum of gravitinos produced in scattering. This is reflected by the fact that dashed
and solid lines deviate significantly from each other in the upper left parts of Figs. 3 and 4.
Furthermore, even though the thermal-shaped distribution (15) is a plausible approximation,
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Figure 4: Same as in Fig. 3, but for a scenario with color singlet superparticles of equal mass M ,
heavy squarks and gluinos, and intermediate reheat temperature, M . TR ≪Mq˜, g˜.
we cannot exclude the possibility that scattering contribution to the distribution function of
gravitinos is much larger at low momenta as compared to (15). In the latter case the lines
of equal dilution factor ∆ would shift even further down. In any case, the most conservative
lower bound on the gravitino mass independent of the distribution function is given by (12).
Irrespectively of these uncertainties, we see that in both scenarios, the relevant superpar-
ticle masses must be rather low, M < 320− 350 GeV, provided that the reheat temperature
is TR & M . Extending the mass range of superparticles towards larger M in either scenario
would require increasingly strong fine tuning between the reheat temperature and these
masses. This fine tuning is needed to ensure that superparticles are non-relativistic and
hence not so numerous, but have just right abundance at the beginning of the thermal stage
of the cosmological evolution to produce just right number of gravitinos. We consider this
possibility implausible.
Figure 5 shows the same bounds as in Fig. 4 in (TR, mG˜) plane. On dash-dotted lines the
total density of gravitinos produced in both channels is equal to the observed dark matter
density for indicated superpartner masses M .
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Figure 5: Region with gravitino WDM in the (TR,mG˜) plane for the same scenario as in Fig. 4.
Contours of equal M are shown with dash-dotted lines.
We conclude that unlike in the WIMP case, gravitino WDM does not automatically have
the present mass density in the right ballpark. If the heaviest superparticles are squarks and
gluinos, and they were relativistic in the cosmic plasma (the first scenario), the allowed range
of parameters is rather narrow, as seen from Fig. 3. We consider least contrived the possibility
that the masses of sleptons, charginos and neutralinos are in the range M = 150− 300 GeV,
the reheat temperature is TR = 200 GeV − 10 TeV and the masses of gluinos and squarks
are higher, Mg˜,q˜ ≫ TR (second scenario). Then for masses mG˜ = 1− 15 keV, gravitinos can
indeed serve as warm dark matter particles. In any case, gravitino as warm dark matter
candidate will be either ruled out or supported by the LHC experiments.
Acknowledgments. We are indebted to F. Bezrukov, A. Boyarsky, S. Demidov, V. Lukash,
O. Ruchayskiy, M. Shaposhnikov and I. Tkachev for the interest to this work and useful dis-
cussions. This work was supported in part by the grants of the President of the Russian
Federation NS-1616.2008.2 and MK-1957.2008.2 (DG), by the RFBR grant 08-02-00473-a
and by the Russian Science Support Foundation (DG).
15
References
[1] E. Komatsu et al. [WMAP Collaboration], “Five-Year Wilkinson Microwave Anisotropy
Probe (WMAP) Observations:Cosmological Interpretation,” arXiv:0803.0547 [astro-
ph]; C. L. Reichardt et al., “High resolution CMB power spectrum from the com-
plete ACBAR data set,” arXiv:0801.1491 [astro-ph]; M. Tegmark et al. [SDSS Col-
laboration], Phys. Rev. D 69 (2004) 103501 [arXiv:astro-ph/0310723]; U. Seljak et
al. [SDSS Collaboration], Phys. Rev. D 71 (2005) 103515 [arXiv:astro-ph/0407372];
S. Cole et al. [The 2dFGRS Collaboration], Mon. Not. Roy. Astron. Soc. 362 (2005)
505 [arXiv:astro-ph/0501174].
[2] W. M. Yao et al. [Particle Data Group], J. Phys. G 33 (2006) 1.
[3] G. Kauffmann, S. D. M. White and B. Guiderdoni, Mon. Not. Roy. Astron. Soc. 264,
201 (1993); A. A. Klypin, A. V. Kravtsov, O. Valenzuela and F. Prada, Astrophys. J.
522, 82 (1999) [arXiv:astro-ph/9901240]; B. Moore, S. Ghigna, F. Governato, G. Lake,
T. Quinn, J. Stadel and P. Tozzi, Astrophys. J. 524, L19 (1999); J. Diemand, M. Kuhlen
and P. Madau, Astrophys. J. 657 (2007) 262 [arXiv:astro-ph/0611370].
[4] B. Moore, Nature 370 (1994) 629; W. J. G. de Blok, S. S. McGaugh, A. Bosma
and V. C. Rubin, Astrophys. J. 552 (2001) L23 [arXiv:astro-ph/0103102]; J. D. Si-
mon, A. D. Bolatto, A. Leroy, L. Blitz and E. L. Gates, Astrophys. J. 621 (2005) 757
[arXiv:astro-ph/0412035].
[5] J. Sommer-Larsen and A. Dolgov, Astrophys. J. 551 (2001) 608
[arXiv:astro-ph/9912166]; D. N. Chen and Y. P. Jing, Mon. Not. Roy. Astron.
Soc. 336 (2002) 55 [arXiv:astro-ph/0201520]; M. Goetz and J. Sommer-Larsen,
Astrophys. Space Sci. 284 (2003) 341 [arXiv:astro-ph/0210599].
[6] P. Bode, J. P. Ostriker and N. Turok, Astrophys. J. 556 (2001) 93
[arXiv:astro-ph/0010389].
[7] V. Avila-Reese, P. Colin, O. Valenzuela, E. D’Onghia and C. Firmani, Astrophys. J.
559 (2001) 516 [arXiv:astro-ph/0010525].
[8] K. Rajagopal, M. S. Turner and F. Wilczek, Nucl. Phys. B 358 (1991) 447; K. Abazajian,
G. M. Fuller and M. Patel, Phys. Rev. D 64 (2001) 023501 [arXiv:astro-ph/0101524];
T. Asaka, M. Shaposhnikov and A. Kusenko, Phys. Lett. B 638 (2006) 401
[arXiv:hep-ph/0602150]; G. F. Giudice, E. W. Kolb, A. Riotto, D. V. Semikoz and
I. I. Tkachev, Phys. Rev. D 64 (2001) 043512 [arXiv:hep-ph/0012317]; J. Hisano,
K. Kohri and M. M. Nojiri, Phys. Lett. B 505 (2001) 169 [arXiv:hep-ph/0011216].
16
[9] H. Pagels and J. R. Primack, Phys. Rev. Lett. 48 (1982) 223; J. R. Bond, A. S. Szalay
and M. S. Turner, Phys. Rev. Lett. 48 (1982) 1636; S. Borgani, A. Masiero and M. Yam-
aguchi, Phys. Lett. B 386 (1996) 189 [arXiv:hep-ph/9605222]; E. Pierpaoli, S. Borgani,
A. Masiero and M. Yamaguchi, Phys. Rev. D 57 (1998) 2089 [arXiv:astro-ph/9709047];
M. Fujii and T. Yanagida, Phys. Lett. B 549 (2002) 273 [arXiv:hep-ph/0208191];
M. Viel, J. Lesgourgues, M. G. Haehnelt, S. Matarrese and A. Riotto, Phys. Rev.
D 71 (2005) 063534 [arXiv:astro-ph/0501562]; J. A. R. Cembranos, J. L. Feng, A. Ra-
jaraman and F. Takayama, Phys. Rev. Lett. 95 (2005) 181301 [arXiv:hep-ph/0507150];
G. Moultaka, Acta Phys. Polon. B 38 (2007) 645 [arXiv:hep-ph/0612331]; F. Takahashi,
Phys. Lett. B 660 (2008) 100 [arXiv:0705.0579 [hep-ph]].
[10] K. Abazajian, Phys. Rev. D 73 (2006) 063513 [arXiv:astro-ph/0512631]; U. Sel-
jak, A. Makarov, P. McDonald and H. Trac, Phys. Rev. Lett. 97 (2006) 191303
[arXiv:astro-ph/0602430]; M. Viel, G. D. Becker, J. S. Bolton, M. G. Haehnelt,
M. Rauch and W. L. W. Sargent, Phys. Rev. Lett. 100 (2008) 041304 [arXiv:0709.0131
[astro-ph]].
[11] M. Mateo, Ann. Rev. Astron. Astrophys. 36 (1998) 435 [arXiv:astro-ph/9810070].
[12] A. Lewis, A. Challinor and A. Lasenby, Astrophys. J. 538 (2000) 473
[arXiv:astro-ph/9911177], URL http://camb.info.
[13] C. J. Hogan and J. J. Dalcanton, Phys. Rev. D 62 (2000) 063511
[arXiv:astro-ph/0002330].
[14] J. J. Dalcanton and C. J. Hogan, Astrophys. J. 561 (2001) 35 [arXiv:astro-ph/0004381].
[15] D. Boyanovsky, H. J. de Vega and N. Sanchez, Phys. Rev. D 77 (2008) 043518
[arXiv:0710.5180 [astro-ph]].
[16] D. Lynden-Bell, Mon. Not. Roy. Astron. Soc. 136 (1967) 101; S. Tremaine, M. Henon
and D. Lynden-Bell, Mon. Not. Roy. Astron. Soc. 219 (1986) 285; P. H. Chavanis, “Sta-
tistical mechanics of violent relaxation in stellar systems,” [arXiv:astro-ph/0212205].
[17] J. D. Simon and M. Geha, Astrophys. J. 670 (2007) 313-331 [arXiv:0706.0516 [astro-
ph]].
[18] S. Peirani, F. Durier and J. A. De Freitas Pacheco, Mon. Not. Roy. Astron. Soc.
367 (2006) 1011 [arXiv:astro-ph/0512482]; S. Peirani and J. A. de Freitas Pacheco,
[arXiv:astro-ph/0701292].
[19] J. Madsen, Phys. Rev. D 44 (1991) 999; J. Madsen, Phys. Rev. D 64 (2001) 027301
[arXiv:astro-ph/0006074].
17
[20] J. Loveday, Astrophys. J. 489 (1997) 29 [arXiv:astro-ph/9703022].
[21] J. R. Ellis, J. E. Kim and D. V. Nanopoulos, Phys. Lett. B 145 (1984) 181; M. Kawasaki
and T. Moroi, Prog. Theor. Phys. 93 (1995) 879 [arXiv:hep-ph/9403364]; T. Mo-
roi, “Effects of the gravitino on the inflationary universe,” arXiv:hep-ph/9503210;
M. Bolz, W. Buchmuller and M. Plumacher, Phys. Lett. B 443 (1998) 209
[arXiv:hep-ph/9809381].
[22] M. Bolz, A. Brandenburg and W. Buchmuller, Nucl. Phys. B 606 (2001) 518 [Erratum-
ibid. B 790 (2008) 336] [arXiv:hep-ph/0012052].
[23] J. Pradler, “Electroweak Contributions to Thermal Gravitino Production,”
arXiv:0708.2786 [hep-ph].
[24] V. S. Rychkov and A. Strumia, Phys. Rev. D 75 (2007) 075011 [arXiv:hep-ph/0701104].
[25] T. Moroi, H. Murayama and M. Yamaguchi, Phys. Lett. B 303 (1993) 289.
[26] J. Pradler and F. D. Steffen, Phys. Rev. D 75 (2007) 023509 [arXiv:hep-ph/0608344];
J. Pradler and F. D. Steffen, Phys. Lett. B 648 (2007) 224 [arXiv:hep-ph/0612291].
[27] H. P. Nilles, Phys. Rept. 110 (1984) 1.
18
